The transport properties of the manganites La 1Ϫx Sn x MnO 3ϩ␦ with xϭ0.1-0.5 and of Fe-doped samples have been comprehensively studied using magnetoresistance measurements, 57 Fe and 119 Sn Mössbauer spectroscopy, and x-ray diffraction. At the Sn concentration xϭ0.5, La 0.5 Sn 0.5 MnO 3ϩ␦ , is a single phase. The manganites La 1Ϫx Sn x MnO 3ϩ␦ with xϽ0.5 consist of two phases, ABO 3 and A 2 B 2 O 7 ; the chemical formulas are LaMnO 3ϩ␦ and (La 0.5 Sn 0.5 ) 2 Mn 2 O 7 , respectively. The colossal magnetoresistance ͑CMR͒ in La 1Ϫx Sn x MnO 3ϩ␦ appears to have its origin in deficient La and/or Mn ions in the ABO 3 phase. Mössbauer spectra show that a superparamagnetic doublet exists from Tϭ250-77 K for the ABO 3 phase in the Fe-doped sample and may have superparamagneticlike spin clusters that lead to a low saturation field. Consequently, the CMR reaches 75% at an applied field of only 20 kOe for the Fe-doped sample; however, the same CMR requires fields as high as 70 kOe in the undoped La 0.7 Sn 0.3 MnO 3ϩ␦ sample. ͓S0163-1829͑99͒02437-6͔
I. INTRODUCTION
Generally, manganites with colossal magnetoresistance ͑CMR͒ can be classified into two categories. One is the perovskite-type compound (ABO 3 Recently, it has been discovered that La 0.7 Sn 0.3 MnO 3ϩ␦ exhibits CMR near room temperature. Its magnetoresistivity coefficient ͑classical͒ is as high as 74% for Hϭ70 kOe. 4 Further investigation showed that this manganite consists of two phases; one is the perovskite-type ABO 3 and the other is the pyrochlore-type A 2 B 2 O 7 . 5 Krivoruchko et al. 6 reported compositions of the two phases, La 0.4 ᮀ 0.6 MnO 3Ϫ␦ for the ABO 3 phase and La 2 Sn 2 O 7 for the A 2 B 2 O 7 phase. However, it is hard to believe that the perovskite structure can be maintained for so large a deficiency of La ions.
Fe doping can significantly modify the magnetic and transport properties of manganites. [7] [8] [9] An increase in CMR for Fe-doped samples has been reported in La-Ca-Mn-O systems 8 and La-Sn-Mn-O systems. 7 A metalliclike conductivity and ferromagnetic ground state for the perovskite compound La 1Ϫx M x 2ϩ MnO 3 are attributed to the doubleexchange model which involves electron exchange between neighboring Mn 3ϩ and Mn 4ϩ sites. The correlations between transport behavior and magnetic properties have been studied. [10] [11] [12] Some models, such as the Kondo model and the polaron model have been proposed to describe the correlations for the La-Sr-Mn-O and La-Ca-Mn-O systems. However, the origin of the increase in CMR for Fe-doped samples, as far as we know, has not been proposed up to now. In this work, based on our Mössbauer spectra, a superparamagneticlike model is proposed to describe the properties for Fe-doped La-Sn-Mn-O systems. In addition, the compositions of the two phases in La-Sn-Mn-O were determined by x ray as well as 57 Fe and 119 Sn Mössbauer spectra. of stoichometric composition was presintered at 800°C for 10 h and then crushed. The samples were shaped and sintered in O 2 at 1200°C for 6 h and followed by annealing at 900°C for 24 h. X-ray diffraction ͑XRD͒ was performed with a Philips diffractometer using Cu K␣ radiation. The magnetoresistances were examined at 4.2-300 K with zero field and up to 70 kOe applied field using the standard four-probe method. 57 Fe Mössbauer spectra from 4.2 K to room temperature and 119 Sn Mössbauer spectra at room temperature were taken with a conventional constant acceleration spectrometer. The ␥-ray sources were 57 Co in a Rh matrix and 119 Sn in BaSnO 3 . All isomer shifts are given relative to that of ␣-Fe at room temperature.
II. EXPERIMENTAL

Samples of La
III. RESULTS
A. Magnetoresistance
CMR for La-Sn-Mn-O
The transport properties of La 1Ϫx Sn x MnO 3ϩ␦ (xϭ0.1, 0.2, 0.3, and 0.5͒ are shown in Table I . La 0.5 Sn 0.5 MnO 3ϩ␦ is an insulator; the other samples are electrical conductors. The resistivities at room temperature increase with Sn substitutions; they are 0.036, 0.064, and 0.20 ⍀ cm for the samples with Sn concentrations xϭ0.1, 0.2, and 0.3, respectively. The manganites La 1Ϫx Sn x MnO 3ϩ␦ have a semiconductormetal transition ͑S-M transition͒ at 235-245 K. The maxi-mum magnetoresistance ͑MR͒ effect occurs at the transition temperatures, as shown in Fig. 1 . The magnetoresistance coefficient, defined as MRϭϪ⌬/ϫ100%ϭ͓͑H,T͒Ϫ͑0,T ͔͒/͑ 0,T ͒ϫ100% in Hϭ15 kOe are 29, 23, and 25 % for the samples with x ϭ0.1, 0.2, and 0.3, respectively.
The effect of Fe doping on CMR
A small amount of Fe doping modifies the magnetoresistance of the La-Sn-Mn-O systems. First, the resistivity at room temperature is about triple and the maximum resistivity at the S-M transition temperature is over 10 15 is excluded because the ͑113͒ XRD line is not observed. In Fig. 3 , the indexing is based on the monoclinic structure. With increasing Sn concentration, the intensities of the XRD decrease for ABO 3 and increase for A 2 B 2 O 7 .
In order to obtain the volume fraction for the two phases, a series of mixtures of (La 0. 5 After a longitudinal magnetic field of 50 kOe was applied, for ABO 3 , the second and fifth lines disappear and, as compared to 525 kOe in zero applied field, the hyperfine field ͑576 kOe͒ increases by 51 kOe, which is almost the same as the value of the applied field. This means that the Fe moments are collinear but antiparallel with the Mn moments.
However, for A 2 B 2 O 7 , the Mössbauer spectrum is still a sextet without line broadening; therefore antiferromagnetic coupling between the Fe moments is excluded. The nonzero second and fifth lines imply that Fe moments are canted with ferromagnetic coupling or are in a spin-glass state, although ac susceptibility has shown that Mn ions have antiferromagnetic arrangements. 7 The hyperfine field is 514 kOe, larger by 40 kOe as compared to the hyperfine field with zero applied field. The Mössbauer spectra of the sample with xϭ0.3 between 300 and 4.2 K are shown in Fig. 7 . At room temperature two paramagnetic doublets are observed. The inner doublet (ABO 3 ) starts to become a mixture of a doublet and a sextet below 250 K. However, the outer doublet (A 2 B 2 O 7 ) remains until Tϭ65 K. Only below 65 K does the outer doublet disappear and spectra consist of two sextets. Therefore, La 0.7 Sn 0.3 Mn 0.985 Fe 0.015 O 3ϩ␦ has two transitions which occur at Tϭ250 and 65 K, respectively; the result is supported by ac susceptibility data. 7 In addition, the spectra of ABO 3 exhibit a superparamagneticlike character, described in detail by Sec. IV. Table II . Energy dispersive spectroscopy ͑EDS͒ quantitative analysis also indicated the concentrations of La, Sn, and Mn averaged over many grains are very close to the formula La 1Ϫx Sn x MnO 3ϩ␦ for all samples. A homogeneous composition distribution of La, Sn, and Mn is observed everywhere for La 0.5 Sn 0.5 MnO 3ϩ␦ . However, it was found that for the other samples with xϭ0.1, 0.2, and 0.3 there exist two kinds of grains in which the compositions are significantly different. For one, the quantity of La plus Sn ions is close to that of Mn ions; for the other grain, there is an equal number of La and Mn ions but almost no Sn ion as shown in Fig. 8 .
Based on the XRD, EDS, and Mössbauer spectra, the manganites La 1Ϫx Sn x MnO 3ϩ␦ with xϭ0.1, 0.2, and 0.3 are a mixture of two phases, ABO 3 and A 2 B 2 O 7 ; the formulas are LaMnO 3ϩ␦ and (La 0.5 Sn 0.5 ) 2 Mn 2 O 7 , respectively. The amount of the two phases is dependant on the Sn concentrations. With increasing Sn substitution, the amount of ABO 3 decreases and that of A 2 B 2 O 7 increases. Therefore, the maximum magnetoresistance coefficient and the S-M transition temperature are roughly the same for all the samples with Sn concentration xϭ0.1, 0.2, and 0.3; but the resistivities become large with increasing Sn substitution. In addition, at the 
Sn concentration
The CMR and S-M transition in La 1Ϫx Sn x MnO 3ϩ␦ occurs at Tϭ235-245 K. The ABO 3 phase has a magnetic transition at about 240 K. Consequently, the CMR in La 1Ϫx Sn x MnO 3ϩ␦ with xϭ0.1, 0.2, and 0.3 is associated with the ABO 3 phase. It is known that LaMnO 3 is an antiferromagnetic insulator. However, a deficiency of La and/or Mn ions can lead to a CRM. Results of the CMR in La 1Ϫx MnO 3 and LaMnO 3ϩ␦ have been reported recently. [16] [17] [18] Our work also indicates that La 0.9 MnO 3ϩ␦ has a S-M transition at Tϭ240 K, a paramagnetic-ferromagnetic transition at Tϭ250 K, and the CMR is about 26% in H ϭ15 kOe at Tϭ240 K. 19 Hence, the CMR in La 1Ϫx Sn x MnO 3ϩ␦ may have its origin in a deficiency of La and/or Mn ions for the ABO 3 phase.
B. Superparamagneticlike behavior and CMR
Between the temperature range of 250 and 65 K, the Mössbauer spectra of the ABO 3 phase (LaMnO 3ϩ␦ ) in La 0.7 Sn 0.3 Mn 0.985 Fe 0.015 O 3ϩ␦ can be fitted with three subspectra, as shown in Fig. 7 . One is a doublet; the others are sextets. One sextet is expected when Fe ions substitute for the Mn ions which occupy only one site in the perovskite structure; the other may have one or more sources, viz ͑a͒ Fe ions in a defect structure produced by the deficiency of La-Mn ions, ͑b͒ near the surface 15 and ͑3͒ perhaps with different numbers of Fe-Mn neighbors. In addition, the Curie temperature is 235 K for La 0.7 Sn 0.3 Mn 0.985 Fe 0.015 O 3ϩ␦ . 4 However, a hyperfine field at Tϭ250 K was observed above the Curie temperature, as shown in Figs. 7 and 9͑d͒. A similar observation in the La-Sr-Mn͑Fe͒-O system was also reported by Tkachuk et al. 20 The hyperfine fields above the Curie temperature may be attributed to sample inhomogeneity or to a formation of local ferromagnetic clusters at Fe sites. 20 The spectra of LaMn(Fe)O 3ϩ␦ (ABO 3 ) exhibit the following superparamagnetic characteristics. ͑1͒ The spectra consist of a doublet and two sextets. With decreasing temperatures, the relative areas of the sextets gradually increase whereas that of the doublet gradually decreases to zero below Tϭ65 K, as shown in Fig. 9͑a͒ . ͑2͒ The quadrupole splittings of the doublet between 220 and 65 K are approximately constant and significantly different from that at room temperature ͑in the paramagnetic state͒, as shown in Fig.  9͑b͒ . ͑3͒ The fitted linewidth is approximately the same for either the sextets or the doublet, except for the linewidth at Tϭ250 K, as shown in Fig. 9͑c͒ . The linewidths of LaMn(Fe)O 3ϩ␦ are significantly different from those of LaCa-Mn͑Fe͒-O and La-Sr-Mn͑Fe͒-O in which line broadening of the sextets has been observed with increasing temperatures. 20, 21 The broadening was interpreted using a model based either on an antiferromagnetic impurity in a ferromagnetic host 21 or on spin fluctuations. 20 However, the particle sizes of the sample are of the order of micrometers based on observations with optical microscopy. Further, line broadening is not observed in x-raydiffraction patterns. These results exclude the possibility of superparamagnetism produced by ultrafine particles. Perhaps, the superparamagnetism has its origin in superparamagneticlike spin clusters at Fe sites. 22 The dependence of ⌬/(0) on the applied field H can be fitted using a Langevin function
where ␣ϭN B H/kT, B is the Bohr magneton, and k is Boltzmann's constant. N and ␤ are fitted parameters. N is the average number of spin in a superparamagneticlike cluster, namely, the average size of the clusters. ␤ is the maximum MR as H→ϱ at a certain temperature. The fitted curves are shown in Fig. 10 . Obviously, the experimental ⌬/(0) is very consistent with the Langevin curves. The behavior of the magnetoresistance in applied fields is related to the average spin numbers in a cluster, namely the average size of a cluster. When the temperature drops, the size of a cluster decreases and the CMR also decreases. In this work, no evidence was found as to whether the sample without Fe doping, La 0.7 Sn 0.3 MnO 3ϩ␦ , has a superparamagneticlike spin clusters. This is an interesting problem that will be further studied. According to the double-exchange model, the resistivity depends on electron-spin alignment of the hopping electron and is decreased by applying a magnetic field or by reducing the temperatures that reduce the spin disorder. As compared to LaMnO 3ϩ␦ , doping with Fe has two additional effects. Mössbauer spectrum with an applied field of 50 kOe has shown that all Fe moments are collinear but antiparallel with the Mn moments. Antiferromagnetic Fe-O-Mn superexchange interactions would weaken the double-exchange interaction between Mn 3ϩ and Mn 4ϩ ions, as described by Leung et al. 15 On the other hand, the superparamagneticlike clusters also lead to an increase in electronic scattering below T C . Consequently, the resistivity is ten times higher for the Fe-doped sample than for La 0.7 Sn 0.3 MnO 3ϩ␦ ͑see Table  I͒ . When the magnetic field is applied, the superparamagneticlike clusters are destroyed and the spins tend to alignment along the field. As a result, the resistivity decreases rapidly. The transport properties of La 1Ϫx Sn x MnO 3ϩ␦ are modified by Fe doping, which leads to a low saturation field for magnetoresistance, a decrease in the S-M transition temperature and an increase in the resistivity. Mössbauer spectra also indicated that the superparamagnetic doublet persists from Tϭ250 K to 77 K for the ABO 3 phase in the Fe-doped sample. The low saturation field may be related to superparamagneticlike spin clusters. Consequently, the CMR reaches 75% at an applied field of only 20 kOe for the Fe-doped sample; however, the same CMR requires field as high as 70 kOe for La 0.7 Sn 0.3 MnO 3ϩ␦ .
